Electrospun nanofibers have applications in the areas of filtration, composites, biomaterials, and electronics. Controlling the surface properties of these nanofibers is important for many applications. Nanofibers can also be used as unique substrates for observing the growth of deposited films and creating nanoscale structures. In this work, electrospun poly(meta-phenylene isophthalamide) (MPD-I) nanofibers were used as substrates for creating nanoscale structures out of carbon-based materials and metals. MPD-I was used because it can be electrospun into nanofibers with diameters smaller than 10 nm and it has good thermal stability. MPD-I nanofibers were coated with carbon, copper, and aluminum using plasma enhanced chemical vapor deposition and physical vapor deposition methods. Some of the aluminum-coated nanofibers were then converted into nanotubes. Transmission electron microscopy was used to determine the thickness, uniformity, and grain size of the coatings on the fibers and the nanotubes.
I. INTRODUCTION
Nanoscale materials have attracted great academic and industrial interest in recent years. [1] [2] [3] Electrospinning is a straightforward method for producing fibers with diameters in the nanometer range. [4] [5] [6] Since the 1990s, research efforts in electrospinning have focused on the mechanism of fiber formation, [4] [5] [6] [7] [8] [9] [10] the physical properties of nanofibers, [11] [12] [13] [14] [15] and the application of nanofibers in the areas of filtration, 16 composites, [17] [18] [19] [20] biomedicine, [21] [22] [23] and electronics. High-performance nanofiber materials with improved and controlled surface properties are required for further development of these applications. Control over the surface of the nanofibers, achieved by coating the nanofibers, will lead to novel devices and structures. Recently, Greiner's group has shown that fibers can be coated by both sol-gel and thermally activated vapor deposition techniques. [24] [25] Coating by chemical vapor deposition (CVD) or physical vapor deposition (PVD) offers an effective way to modify the surface properties of nanofibers. Subnanometer-thick coatings with high purity can be deposited by CVD and PVD techniques. Coatings with an average thickness smaller than 1 nm can be deposited. Bognizki et al., for example, reported that electrospun poly(L-lactide) fibers could be coated with a variety of materials using thermally activated CVD and PVD techniques. These coated fibers were then used to form tubes by selectively removing the polymer fiber core. 26 The synthesis of high-quality nanostructured ceramic materials by either CVD or PVD techniques normally requires high deposition temperatures (>200°C). The nanofiber used as a substrate and/or template must be stable, therefore, above 200°C. Poly(meta-phenylene isophthalamide) (MPD-I) has good thermal and mechanical stability. MPD-I fibers were commercialized by the Dupont company under the trade name of Nomex. The thermal and mechanical stability and flame resistance of the fibers are attributed to the aramid groups and the three-dimensional hydrogen bond networks. 27, 28 We reported previously on the electrospinning and characterization of MPD-I nanofibers.
14 MPD-I nanofibers were used in this work because they can withstand the higher deposition temperatures and can be selectively removed following coating by CVD or PVD. We coated MPD-I nanofibers with a variety of materials, including carbon, metals, and inorganic compounds, by plasmaenhanced CVD (PECVD) and plasma-enhanced PVD at temperatures in excess of 200°C.
II. EXPERIMENTAL
The MPD-I nanofibers were produced using an electrospinning process. In a typical electrospinning process, a polymer solution is held in a pipette and a high voltage is applied between the solution and a conductive collector plate. A charged jet of the polymer solution is ejected when the forces of the applied electric field overcome the surface tension of the pendent drop at the tip of the pipette. The charged jet of polymer solution bends and elongates into spiraling loops. These loops grow larger in diameter as the jet travels and becomes thinner. As shown in previous papers, [4] [5] [6] the bending instability and other instabilities of the electrified polymer jet play central roles in the spinning process. After the solvent evaporates, nanofibers remain.
The MPD-I nanofibers were electrospun from a solution of 4% lithium chloride, 16% MPD-I, and 80% Ndimethylacetamide. The average molecular weight of the polymer was 90,000 g/mol. The spinning voltage was in the range of 15-25 kilovolts with a field strength of 10 5 volts per meter. The fibers were spun at room temperature. 14 To load the fibers into the thin film deposition chamber, they were electrospun onto stainless steel washers or copper electron microscope grids. The fibers formed a nonwoven mat across the opening of the washers and grids. The washers and grids were placed on the sample holders.
The fibers were coated by plasma-enhanced CVD and PVD methods. Carbon films were deposited by PECVD and direct current (dc) magnetron sputtering. Hydrogenated amorphous carbon (a:CH) films were deposited on the surface of the nanofibers from a methane/argon mixture using an inductively coupled radio frequency (rf) plasma CVD system. The volumetric flow rates of methane and argon were 9 and 1 sccm, respectively. The deposition pressure was 35 millitorr. The fibers, which were supported on electron microscope grids, were placed directly on the cathode, which was water cooled, to maintain a temperature of less than 100°C. The cathode was biased up to 500 V to generate the (a:CH) films. The deposition rate was on the order of 10 nm/min. The resulting films were continuous and translucent with a yellowish-brown color when collected on glass microscope slides. Carbon films were also deposited at 10 millitorr by dc magnetron sputtering. The rate of deposition was 8 nm/min. In the sputtering deposition, a titanium interlayer was used between the fiber and the carbon coating.
Copper and aluminum films were deposited onto the nanofibers by rf magnetron sputtering. The deposition was carried out at pressures between 10 and 50 millitorr of argon. No bias was applied to the substrates. The substrate temperature was 150-200°C for the sputtering processes. The substrate to target distance was 8 cm. The deposition rate varied between 3 and 24 nm/min, depending on pressure and power. Aluminum films were also deposited by thermal evaporation. The evaporation was carried out in argon, and the substrate temperature ranged from 180 to 200°C. The distance between the evaporation source and the substrate was also 8 cm. The deposition rate during thermal evaporation was 2.4 nm/min.
III. RESULTS
MPD-I nanofibers were electrospun with diameters ranging from a few nanometers to around 200 nm. Carbon films were deposited using both PECVD and dc magnetron sputtering. In both processes, the nanofiber substrates were exposed to carbon and argon ion bombardment from the plasma and were heated to temperatures greater than 100°C. Figure 2 shows the carbon-coated fibers produced by PECVD. The MPD-I fibers are smaller than 100 nm in diameter. The thickness of the coating layer is in the same range as the fiber diameter. The interface of the carbon and the polymer can be distinguished due to the electron density contrast between the carbon and the polymer. The observation of a lower electron density of the carbon coating compared to MPD-I fiber can be explained by the presence of hydrogen in the carbon. At the conditions of deposition, a typical hydrogenated amorphous carbon has a hydrogen concentration of 40 atomic percent. 31 Also, the MPD-I fibers contained 17% lithium chloride, which was added to assist in the dissolution of the MPD-I 14 and remained in the nanofibers. The lithium chloride increased the observed electron density of the core of the fibers. Figure 3 shows TEM images of carbon films deposited by dc magnetron sputtering. The surface of the coating layer was rougher than the MPD-I fiber surface. Figure 3(a) is a high-magnification TEM image showing a 35-nm MPD-I fiber core coated with a 40-nm-thick carbon layer on the surface.
The MPD-I nanofibers were coated with copper and aluminum by the rf magnetron sputtering process (PVD). In the sputtering process the fibers were bombarded by argon and metal ions. The substrate temperature was kept below 200°C. Figure 4 (a) is a TEM image of coppercoated MPD-I nanofiber. The fiber is about 80 nm in diameter and the coating layer is about 20 nm thick. Strong electron diffraction rings from the copper layer were observed [ Fig. 4(b) ]. The d-spacings of the diffraction rings were 1.1, 1.3, 1.5, 2.1, 2.5 Å, which correspond to the reflections from the face centered cubic crystal unit cell of copper. 32 The surface of the copper coating layer was rough with peaks and valleys. The copper crystals had sharp edges. Small copper crystals, 10 nm in diameter, protruded in radial directions, although the diffraction pattern obtained from segments of the fiber showed no preferred orientation of the copper crystals. The   FIG. 3 . TEM images of MPD-I fibers coated with carbon by dc magnetron sputtering. density of sites on the polymer surface at which copper crystals nucleated and grew was more than 1 site per 100 nm. Fig. 5(b) is much thicker than that in Fig. 5(a) . The sputtered aluminum formed small grains with diameters in the range of 15 to 30 nm, and heights of 10 to 20 nm [ Fig. 5(a) ]. These nanocrystalline films have about 10% of their mass in the surface layer or grain boundaries, which may significantly alter physical, chemical, and mechanical properties with respect to those of conventional coarse-grained polycrystalline materials. 33 Many properties of nanocrystal samples are found to be completely different from, and often superior to, those of conventional polycrystalline or amorphous solids. 34 The surface of aluminum metal is subject to oxidation in air. The most common oxide is amorphous oxide, which results from the exposure of aluminum metal to the atmosphere at room temperature. The oxide grows to a thickness of approximately 2 nm and then protects the underlying metal from further oxidation. (220), (200), and (111) reflections from aluminum crystals, respectively, indicating that the dominant composition of the coating was still metal.
32 Figure 6 shows aluminum-coated weblike fibers. Most of the thin fibers in the web remained intact during the coating process, although some stubs of broken fibers are present. The surface of the aluminum-coated fibers was not as rough as that of the copper-coated fibers. The density of nucleation sites was about 1 site per 300 nm 2 . In comparison to the carbon CVD coatings, the thicker PVD coatings are continuous but not uniform in thickness. The coatings are thicker where the fiber was exposed directly to the sputtering target. No appreciable structural difference was observed between the sputtered and evaporated aluminum films. Polycrystalline aluminum nanotubes were created by heating the coated fibers at 600°C for 10 min in air. The degradation of polymer is dependent on many factors, 36 one of which is temperature. Due to the rapid pyrolytic degradation of MPD-I above 370°C, 37 the inner MPD-I fiber cores were removed. Tubular shells of the coating materials remained after the polymer was pyrolyzed. It is unclear whether all of the polymer was removed and if it was removed through the tube end or through the tube walls: this remains an important question. The tubes produced are similar to those reported by Bognitzki et al. but with smaller inner diameter. 26 The outer diameters of the tubes were mostly in the range of 40 nm to 200 nm. The tube wall thickness was on the order of 10 nm. The cylindrical cross-section of a tube is shown in Fig. 7 (a), which shows a tube segment that did not collapse after the polymer was removed. Ends of other such tubes are shown in Fig. 7(b) . The smallest inner diameter observed was around 25 nm.
The thickness of the wall of the tubes was controlled by the sputtering process. Tubes with different wall thicknesses are shown in Fig. 8 .
Oxidation of aluminum is accelerated above 425°C. [38] [39] [40] [41] During the high-temperature annealing in air, part of the aluminum coating was oxidized. The electron diffraction pattern of the nanotubes [ Fig. 8(c) ] still shows reflections from (200) and (220) Figure 9(b) shows an aluminum tube with a relatively smooth surface compared to tubes in Fig. 9(c) . Solvent dissolution was used for preparation for other shapes of hollow shell structures shown in Refs. 42 and 43. Figure 9(d) shows the electron diffraction pattern of the aluminum tubes of Fig. 9(a) . The d-spacings of the diffraction rings correspond to the aluminum crystal unit cell, which indicates that the aluminum layer did not oxidize during the dissolution process.
IV. SUMMARY AND CONCLUSIONS
MPD-I was used as a nanofiber material because it can be electrospun with diameters less than 10 nm and it is stable at high temperatures. The MPD-I nanofibers retain this stability even at the smallest diameters, as evidenced by the coating of the smallest fibers.
It has been shown previously that electrospun nanofibers can be coated using either a sol-gel technique or thermally activated processes. 15, 26, 42 In this work, we coated MPD-I nanofibers using plasma-enhanced deposition at elevated substrate temperatures. Coated nanofibers can be analyzed directly by TEM without additional thinning of the sample. Using TEM analysis, it has been shown that the plasma-coated nanofibers are coated in a single deposition step. As demonstrated by the formation of the nanotubes, the coatings are continuous around the nanofibers. The continuous coating results from the immersion of the fibers within the plasma. The fibers are supported across the opening of a washer or microscope grid. The boundary layer (sheath) between the plasma and the substrate is on the order of millimeters, several orders of magnitude larger than the fiber diameter. The ions and neutrals in the gas phase, therefore, can flow around and through the fiber mat to deposit material around the entire fiber; formation of the continuous coatings is proven by the subsequent formation of nanotubes. There is a limit to the thickness of the coating that can be achieved before the fibers break. We observed coatings as thick as 3 times the fiber diameter. These fiber samples can be used either as substrates for observation of the nucleation and growth process or creation of novel structures.
Nanotubes can be formed from the coated nanofibers by pyrolysis and/or dissolution; the process chosen affects the resulting tube properties. Nanotubes of mixed aluminum oxide and aluminum were produced by pyrolytic degradation of the MPD-I nanofiber cores. The aluminum coating layers underwent a limited degree of oxidation during pyrolysis of the MPD-I. The aluminum coating layers did not change when the template fiber was removed by dissolution. The average inner diameter of the tubes was around 100 nm. The smallest observed inner diameter of a tube was around 25 nm. The wall thickness of the tubes was in the range from 10 to 100 nm.
